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Comparing the structures of H3, H5 and H9 subtype haemagglutinins, we deduced a structural basis for including all 15 influenza
subtypes in four clades. H3, H5 and H9 represent three of these clades; we now report the structure of an H7 HA as a representative of the
fourth clade. We confirm the structure of the turn at the N-terminus of the conserved central a-helix of HA2, and the combination of ionisable
residues near the ‘‘fusion peptide’’ as clade-specific features. We compare the structures of three H1 HAs with H5 HA in the same clade, to
refine our previous classification and we confirm the division of the clades into two groups of two. We also show the roles of carbohydrate
side chains in the esterase-fusion domain boundaries in the formation of clade-specific structural markers.
D 2004 Elsevier Inc. All rights reserved.Keywords: H1; H7; Influenza; HaemagglutininIntroduction
The antigenic properties of the two influenza virus mem-
brane glycoproteins, haemagglutinin (HA) and neuramini-
dase (NA), are the basis for subtyping influenza A viruses
(World Health Organization, 1980). For HA, which func-
tions in sialic acid receptor binding and membrane fusion
during virus infection, 15 antigenic subtypes (H1–H15)
have been described; for NA, the receptor destroying en-
zyme that removes sialic acid from virus and cellular gly-
coproteins to release newly made virus from infected cells,
there are nine antigenic subtypes (N1–N9). Viruses con-
taining HAs from each of the 15 HA subtypes and NAs
from each of the 9 NA subtypes, in different combinations,
have been isolated from avian species. Viruses with HAs
from three HA subtypes and NAs from two subtypes have
caused pandemics; H1N1 in 1918, H2N2 in 1957 and H3N2
in 1968 (Murphy and Webster, 1996).0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2004.04.040
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School of Medicine, 333 Cedar Street, New Haven, CT 06520, USA.This antigenic classification is based on reactions with
hyperimmune anti-HA and anti-NA sera and has been rein-
forced by sequence analyses of virus genes for HA and NA.
Comparisons of the sequences also indicate a subdivision of
HAs into two main groups (Air, 1981) and four clades: H1,
H2, H5, H6, H11 and H13; H8, H9 and H12; H3, H4 and
H14; and H7, H10 and H15 (Nobusawa et al., 1991; Fig. 1).
Structural correlates of these subdivisions were made from
comparisons of the three-dimensional structures of repre-
sentative HAs from three of the clades, H3, H5 and H9 (Ha
et al., 2002). All three have very similar overall structures:
The HA1 polypeptide of each of the identical subunits of
the trimers mainly forms a membrane-distal domain that
contains the receptor-binding and vestigial esterase subdo-
mains; the HA2 polypeptide forms the fusion subdomain,
the stem of the trimers, in which three long central a-helices
are prominent (Skehel and Wiley, 2000). Despite these
similarities, the rotation of the membrane-distal subdomains
relative to the central stem varied between the three HAs
and the variation appeared to be related to differences in the
structure and positioning of a loop in HA2 that links a-helix
A, HA2 residues 38–58, and a-helix B, HA2 residues 75–
127. Additionally, the location and nature of ionisable re-
sidues near the ‘‘fusion peptide’’, HA2 residues 1–10, that
could be involved in activation of the membrane fusion
Fig. 1. Sequence comparisons and phylogenetic relationships between HAs of different subtypes. The HAs used are identical to those in Ha et al. (2002) except
for H1 and H7, where the sequences of the HAs analysed here are given. All sequences were obtained from the influenza sequence database housed at Los
Alamos. The numbering of the sequence alignment is that of H3 HA, and has been applied throughout the manuscript to all HAs from other subtypes.
Consequently, members of the H1 and H9 clades have an insertion, 54a between residues 54 and 55, in the region of HA1 that is displayed. Thus, the glycines
that are highlighted in blue and yellow in H9 and H1 structures are referred to as Gly55 and Gly56. Clade-specific residues involved in the formation of the
sharp turn or tall turn of HA2 are also highlighted.
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features were proposed to be clade-specific and together
with analyses of HA sequences were suggested as the basis
for a structural classification of HAs.
In this paper, we extend these considerations by
comparing the structures of the H3, H5 and H9 HAs
with that of an H7 HA from an avian influenza virus, A/
turkey/Italy/02, which is a representative of the fourth
clade (Fig. 1). We also describe the structures of three
H1 subtype HAs from the 1918 pandemic virus (Reid et
al., 1999), from the classical swine influenza virus, A/
swine/30 (Shope, 1931) and from the prototype human
virus A/Puerto Rico/8/34 (Francis, 1936) and we present
an interclade comparison of their structures with H5 HA.
We have described the receptor binding sites of the H1
HAs and the basic features of their structures elsewhere
(Gamblin et al., 2004).Table 1
Sequence identity matrix between H1, H3, H5, H7 and H9 HA1 and HA2
polypeptides
Identities are expressed as percentages.Overall structures
The three H1 HAs from the 1918 and 1934 human
viruses and from the 1930 swine virus are closely related
in sequence differing by approximately 10% in the
sequence of HA1 and 5% in HA2. By contrast, H1
HAs differ from H5 HA in the same clade, by approx-
imately 40% in HA1 and 15% in HA2 and are more
different from H3, H7 and H9 HAs that are in the other
three clades (Table 1). Despite this range of sequence
relationships, the overall structure of all seven HAs
examined is very similar (Fig. 2A). A comparison of
the structures of the individual receptor binding, vestigial
esterase and fusion subdomains (Rosenthal et al., 1998)
given in Table 2 indicates the closer similarity of sub-domain structures within subtypes (H1 HAs compared and
H3 HAs compared) than within clades (H1 HAs com-
pared with H5 HA) and than between clades (H1 and H5
HAs compared with H3 or H7 or H9 HAs).Membrane-distal domain orientations
The structures of the H3, H5 and H9 HAs (Ha et al.,
2002) indicated that the orientations of the membrane-
distal subdomains in relation to their central a-helices
were different in the different subtypes. Superposition of
the F subdomains of H1, H3, H7 and H9 HAs confirm
these observations and indicate rotations about the three-
fold axis of symmetry for the H1, H3 and H9 HAs
relative to H7 HA, of about 31j, 6j and 17j (Table 3;
Fig. 3). Additionally, H1 and H9 HA membrane-distal
subdomains are translated upwards by about 4 A˚ com-
pared with those of H7 and H3 HAs. As noted before
(Ha et al., 2001, 2002), the individual subdomains R, E
Fig. 2. (A) Ribbons diagram of the trimers of H1, H3, H7 and H9 HAs. Monomers 2 and 3 are in silver and gold, respectively, and the featured monomer is
coloured according to its individual subdomains: receptor-binding (R) (residues 115–261) in blue, vestigial esterase (E) (residues 50–114) in yellow, fusion
subdomains [FV (residues 1–49 and 269–309) and F] in magenta and red, respectively. (B) Orientation of the receptor-binding subdomain with respect to the
interhelical loop of HA2 in H1, H3, H7 and H9 HAs.
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extents, but intersubdomain contacts were mediated by
residues in equivalent sequence positions. The degree of
rotation and the upward translation of the membrane-distal
subdomains of the three H1 HAs are very similar (Table
3), differing by up to about 1j in rotation and indistin-
guishable in height. These observations recall the close
similarity of avian and human H3 HAs (Ha et al., 2003).
The H1 HAs are also closely related to the H5 HA in the
same clade, with 3–5j difference in rotation and very
similar extent of upward translation. On these bases,
rotation and translation of these subdomains may be
considered clade-specific features. The degree of rotation,
like the extent of upward translation, appears also to be
group-specific with H3 and H7 HAs differing by about 5j
and H1 and H9 HAs differing by about 10j but with the
difference between the two groups being about 15j
(Table 3).Fusion subdomain structures
In addition to the rotations of the membrane-distal sub-
domains, the most noticeable differences between the sub-
types noted before (Ha et al., 2002) were in two features of
the F subdomain:
1. The disposition of the extended loop, HA2 residues
58–75, connecting the C-terminus of a-helix A to the
N-terminus of a-helix B.
2. The shape or height of the turn, sharp or tall, formed at
the C-terminus of the loop, residue HA2 75, and the
interactions that the turn makes with the 110-helix, HA1
residues 104–115, in the E subdomain of the neighbour-
ing subunit.
Both features were considered as possible clade-specific
markers. Our description here of the H7 subtype HA ex-
Table 2
Comparison of the Ca coordinates of HAs from H1, H3, H5, H7 and H9 HAs
r.m.s.d. values for the pairwise comparison of Ca positions of each of the HAs are given for the monomer, HA1 and HA2 and R, E and FV subdomains. Values
of the r.m.s.d. in the HA1 comparisons are low estimates due to the different number of amino acids that can be included in the comparisons (numbers in
parentheses), due to the different relative orientations of the membrane-distal domains.
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shows that in H7 HA, the turn at residue HA2 75 is not
tall but sharp as in the H3 HA (Fig. 2B). This is consistent
with the relative phylogenetic proximity of the cladesTable 3
Difference in the orientation of the subdomains between selected HAs
R (j) E (j) F V (j)
H7 v H3 6.2 5.7 5.5
H7 v H9 18.8 13.0 17.2
H7 v H1 31.0 28.1 20.4
1918 H1 v H5 3.0 0.9 8.3
1934 H1 v 1918 H1 1.4 1.3 1.6
1934 H1 v 1930 H1 1.4 1.7 3.3
Human H3 v Avian H3 1.3 1.2 0.6
The numbers are intended to highlight the magnitude of the change between
each subtype rather than to make direct comparisons because the axis used
is different for each comparison, although all approximate to the threefold
axis. Additionally, none of the differences can be represented simply by a
rotational change because they include small translational components (data
not shown).represented by H3 and H7 HAs (Fig. 1). In the case of
the former clade, H3, H4 and H14 HAs all have Glycine at
HA2 75 that allows a sharp turn. Residue 75 in the H7,
H10 and H15 HAs by contrast is not Glycine, leading to
the suggestion of a tall turn (Ha et al., 2002), nor is it
conserved (Fig. 1). However, uniquely in this clade, all
three HAs, H7, H10 and H15, have a carbohydrate side
chain attached to HA2 Asn-82 (Keil et al., 1985), which in
H7 HA occupies the E–FV subdomain interface (Fig. 4),
influencing the shape of the interhelical loop through
contacts with HA1 Arg-91 and Asp-271 and interacting with
HA2 Lys-75. As predicted (Ha et al., 2002), the H1 HAs have
tall turns at the C-terminus of the interhelical loop-like H5
HA in the same clade and H9 HA in the same group. The
nature of the turn at residue HA2 75, therefore, appears to be a
group-specific structural property: tall turns stabilized by
hydrogen bonds between HA1, Glu-107 and peptide amides
HA2 75 and 76 characterize the nine subtypes in the H1 and
H9 clades (Ha et al., 2002), sharp turns characterize the six
subtypes of the H3 and H7 clades (Fig. 2B). The differences
in the extent of upward translation of the membrane-distal
Fig. 3. Representation of the different position of the receptor-binding subdomain of H1 and H7 HAs with the HA2 subdomains superimposed. H1 is coloured
in dark blue and H7 in light blue, and is viewed down the threefold axis (left) and in the same orientation as Fig. 2 (right). The trimers are coloured as in Fig. 2.
The rotation axis is approximately down the threefold axis.
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conclusion (Fig. 2B; Fig. 3).
The structures of the three H1 subtype HAs are closely
related to the structure of the HA of the H5 subtype in the
same clade. However, comparisons indicate that the posi-
tioning of the interhelical loop in relation to the central a-
helix B is not a clade-specific property (Fig. 2B). The
interaction of HA2 Phe-63 with HA2 Phe-88 and HA2
Gly-87 in H5 HA and the close packing of the loop with
a-helix B is not observed in H1 HAs. Despite containing
HA2 Phe-63, Gly-87 and Phe-88, the loops of the H1
HAs and a-helix B are over 10 A˚ apart at this position
(Ch-Ch H1, 14A˚; H5, 3.6A˚), similar in fact to the
location of the loop in the H3 HA (Fig. 2B). Indirectly,
this observation implies that consideration of the shape of
the H3 interhelical loop as a clade-specific feature is not
correct (Ha et al., 2002) although for H3, the interaction
of the clade-specific residue HA2 Lys-88 with HA2 Phe-
63 appeared to be an important influence on the shape of
the loop.Fig. 4. Location of the clade-specific carbohydrate attached to H7HA at HA2
Asn-82. H3 HA, in red, is superimposed on H7 HA2 in green. The electron
density for the carbohydrate attached to Asn-82 is also displayed (2Fo–Fc
contoured at 1r). It was clear from the electron density that this carbohydrate
is rich in mannose, confirming biochemical studies that showed the
carbohydrate attached to this residue was of the Type II mannosidic variety
(Keil et al., 1985).Carbohydrate side chains at E–FV subdomain
boundaries
In addition to the carbohydrate side chain at HA2 82, the
carbohydrate attached to HA1 Asn-289 is also group-spe-
cific and appears to be involved in establishing a group-
specific difference in the orientation of the membrane-distal
subdomains. Asn-289 is glycosylated in HAs of the H1 and
R.J. Russell et al. / Virology 325 (2004) 287–296292H9 clades but residue HA1 289 is proline in H3 and threo-
nine in H7 HAs. Comparison of the E–FV subdomain inter-
face near Asn-289 in H1 and H9 HAs shows differences in
the positions of Gly-55 and Gly-56, four and five residues,
respectively, beyond the conserved HA1 Cys-52:Cys-277
disulfide bond (Figs. 1 and 5). These differences lead to
separation of the HA1 55–65 strands (Fig. 5), which is
propagated into the E subdomains and may account for the
differences in rotation between H1 and H9 membrane-distal
subdomains, because before the E–FV subdomain boundary
the HA1 chains superimpose (Fig. 5). In H3 and H7 HAs,
HA1 Pro-55 and HA1 Gly-55, respectively (Fig. 1), are also
positioned slightly differently and the HA1 55–65 strands
again separate in a way that might account for the differ-
ences in rotation between the H3 and H7 membrane-distal
subdomains (Fig. 5). In addition, however, these residues
occupy part of the space taken by the HA1 Asn-289-linked
carbohydrate in H1 and H9 HAs and they are positioned
lower than HA1 residues 55 and 56 of the H1 and H9 HAs.
These group-specific differences appear to initiate the differ-
ences in rotation between the E and R subdomains of the
H1 and H9 group and the H3 and H7 group and together
with the insertion (54a) in HAs of the former group may
also contribute to the different extents of upward translation
between the two groups (Fig. 2B; Fig. 5). The carbohydrate
side chain attached to HA2 Asn-82 in the H7 HA E–FV
subdomain interface may also account for the small clade-
specific differences in E and R subdomain orientation bet-
ween H7 and H3 HAs (Fig. 5). The structural consequences
of HA glycosylation at HA1 289 and HA2 82, therefore,
add to the recognized roles of carbohydrate side chains as
ligands for lectin chaperones in HA biosynthesis and folding
(Hebert et al., 1996; Schrag et al., 2003) and as relativelyFig. 5. The location in H1 and H9 HAs of HA1 Asn-289 and its carbohydrate side
with their HA2 (F subdomains) superimposed (not shown). The structure between H
side chain and the separation between H1 and H9 HAs. The right panel shows the
carbohydrates at Asn-285 and Asn-82 (HA2) and the left panel shows a superposi
contribute to differences in both the rotation and translation of the membrane-dislarge surface adducts in antigenic variation (Skehel et al.,
1984).Ionisable residues near the ‘‘fusion peptide’’
Cleavage of the HA0 precursor primes HA for subse-
quent activation of its membrane fusion potential at endo-
somal pH and for the extensive changes in its structure that
fusion involves (Skehel and Wiley, 2000). Cleavage itself is
followed by refolding of the newly generated N-terminal
sequence, the ‘‘fusion peptide’’, into a cavity of ionisable
amino acids, which becomes inaccessible to solvent. Among
these residues, a number that were highlighted before (Ha et
al., 2002) are conserved in all HAs: Asp-109, Asp-112 and
Lys-51. Others are mainly group-specific, notably HA1 His-
17 and HA2 His-106 in the H3 and H7 group; HA2 Arg-106
in H1 and HA2 Lys-106 in H9 clades, and HA2 His-111 in
the H1 and H9 group. The closely similar structures of this
region in the H1, H5 and H9 HAs and in the H3 and H7
HAs confirm its suggested clade- and group-specific impor-
tance (Fig. 6) (Ha et al., 2002).
Mutations throughout HA, primarily in intersubunit
interfaces, can influence the pH at which the structure of
HA is extensively rearranged (Bullough et al., 1994) (Chen
et al., 1999) and membrane fusion is activated (Daniels et
al., 1985; Lin et al., 1997). However, this cavity contains
the only residues that are in different environments in
cleaved HA compared with uncleaved HA, as a result of
insertion of the ‘‘fusion peptide’’ on cleavage. Further,
because uncleaved HA0 is unresponsive to low pH, it is
presumed that the residues buried by the ‘‘fusion peptide’’
are involved in the process of fusion activation. In additionchain. A ribbons diagram (middle panel) of H1 (blue) and H9 (yellow) HAs
A1 55–65 (Fig. 1) is highlighted to show the proximity of the carbohydrate
equivalent region in H3 (red) and H7 (green) HAs including their respective
tion of all four HAs. The differences in position of the HA1 55–65 strands
tal subdomains. HA2 is shown in grey in the middle and right panels.
Fig. 6. Stereo view of H1 (top panels) and H7 (bottom panels) ‘‘fusion peptides’’ and selected amino acids in and adjacent to the cavity into which they insert on HA0
cleavage. Viewed down the threefold axis. The ‘‘fusion peptides’’ are coloured magenta; individual amino acids are yellow; and possible hydrogen bonds are light blue.
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nations of ionisable residues in the cavity characterize the
two HA groups. In the H1 and H9 clades, HA2 Arg-106
and HA2 Lys-106, respectively, project towards the three-
fold axis of symmetry, forming hydrogen bonds with HA2
Asp-109, and the group-specific residue HA2 His-111 is
buried by conserved HA2 Trp-21. In H3 and H7 HAs,
group-specific residues HA1 His-17 forms a hydrogen
bond, through a water molecule, with main-chain carbonyl
HA2-10, and HA2 His-106 is hydrogen bonded to HA2
Lys-51. Protonation at fusion pH (between pH 5 and pH 6)
of residues in these clade- and group-specific combinations
would destabilise the neutral pH structure of the cavity,
releasing the ‘‘fusion peptide’’ and perhaps initiating the
refolding of a-helix B.
The H7 HA structure also confirms the group-specific
orientation of HA2 Trp-21 adjacent to this region, which, as
noted above in the H1 and H9 group, buries HA2 His-111
(Fig. 7). In H1 and H9 HAs, HA2 Trp-21 is between eitherHA1His-18 or HA1Gln-18 and HA1His-38, in a four-residue
complex that also includes HA2 His-111. In both H3 and H7
HAs, by contrast, HA1 residue 38 is Asparagine, which is gly-
cosylated, and HA2 residue 111 is Threonine. As a conse-
quence, both HA1 residue18 and HA2 Trp-21 are quite dif-
ferently oriented in the two group-specific structures (Fig. 7).Summary and conclusions
Inclusion of the structures of H7 and H1 HAs in consid-
erations of the structural relationships between HAs of
different phylogenetic clades focuses attention on the
boundary between the FV and E subdomains in HA1 and
on two positions in HA2; the turn at HA2 residue 75 and the
positioning of the membrane-distal subdomains that it
influences; and the cavity into which the ‘‘fusion peptide’’
inserts following precursor cleavage. The primary impor-
tance of the HA2 regions, that contain both group- and
Fig. 8. A diagrammatic comparison of the neutral pH and fusion pH
structures of HA2. Two sites near HA2 75 and 106 where refolding at
fusion pH leads to turns through 180j are highlighted. These are also major
sites of structural differences between HAs of different phylogenetic clades.
Fig. 7. The structure of HAs near the fusion peptide to show residues surrounding HA2 Trp-21 in each of the four clades of HA. In the close-up panels, the HA1
a-carbon chains are coloured blue and HA2 red and small arrows indicate chain directions. HA2 Trp-21 is oriented differently in the two HA groups.
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fusion is consistent with the possibility that differences in
the stability of HAs to pH and temperature may represent
selection pressures in HA evolution (Ha et al., 2002). BothTable 4
Crystallographic statistics
Space group R32
Unit cell dimensions (A˚) a = b = 118.2, c = 298.7
Resolution (A˚) 3.0 (3.11)
Rsym (%) 10.2 (37.6)
I/rI 15.5 (5.4)
Completeness (%) 99.0 (97.3)
Unique reflections 16771
Redundancy 4.4
Rwork (%) 23.0
Rfree (%) 30.0
Protein atoms 3765
Solvent atoms 128
r.m.s.d. bonds (A˚) 0.007
r.m.s.d. angles (j) 1.35
Values in parentheses refer to the highest resolution shell.
Rsym = Rj j< I >  Ij j /R< I >, where Ij is the intensity of the jth reflection
and < I > is the average intensity. Rwork = R j jFoj  jFcj j /R jFoj. Rfree =
RT j jFoj  jFcj j /RT jFoj, where T is a test data set of 5% of the total
reflections randomly chosen and set aside before refinement.
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neutral and fusion pH forms of HA (Fig. 8) because they are
the pivotal points in the refolding of HA subunits required
for membrane fusion that places the ‘‘fusion peptide’’ and
the ‘‘membrane anchor’’ at the same end of the fusion pH
HA structure.Materials and methods
Preparation of H7 HA from A/turkey/Italy/02 grown in
hens’ eggs was by bromelain digestion as previously
described (Ha et al., 2002). Crystals were grown by
vapour diffusion in hanging drops consisting of 2 Al of
reservoir solution (20% PEG3350 and 0.2 M sodium
citrate dihydrate, pH 8.2) and 2 Al of concentrated protein
solution (10 mg/ml in 10 mM Tris–HCl, pH 8.0).
Crystals were transferred to reservoir solution augmented
with 20% glycerol before data collection. Data were
collected at 100 K on an in-house Rigaku-MSC RU200
rotating anode coupled to a RaxisIIc detector. Diffraction
data were integrated using Denzo and scaled with Scale-
pack (Otwinowski and Minor, 1997). The crystals belong
to space group R32 and diffraction extended to 3 A˚
resolution.
The structure was solved by molecular replacement with
AMoRe (CCP4, 1994), using the human H3 HA structure as
the search model. The asymmetric unit contained a mono-
mer, with the molecular trimer axis forming the crystallo-
graphic threefold axis of symmetry. It is necessary to
perform rigid-body refinement initially to account for the
changes in positions of each subdomain of H7 HA. Standard
refinement, with CNS (Brunger et al., 1998), and manual
model building, with O (Jones et al., 1991), was performed.
The final model has an Rwork of 23.0% and Rfree of 30.0%.
Crystallographic statistics are given in Table 4.
All subdomain orientation comparisons were performed
using the program DOMOV, designed to detect and quan-
titate the domain movement from two homologous protein
structures (Lu, 2000). Calculations were performed for the
receptor binding, esterase and fusion subdomains individu-
ally and their respective positions calculated using residues
38–125 of HA2 as the reference. These residues form the
helix-loop-helix motif of each monomer of HA and interact
to form the coiled-coil structure in the functional trimer.Acknowledgments
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